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Abstract

Recent experimental investigations have demonstrated that the appearance of particular cellular states in circular
non-premixed jet flames depends significantly on a number of parameters, including the initial mixture strength,
reactant Lewis numbers, and proximity to the extinction limit (Datriker number). FoCO--diluted H2/O- jet

diffusion flames, these studies have shown that a variety of different cellular patterns or states can form. For given
fuel and oxidizer compositions, several preferred states were found to co-exist, and the particular state realized
was determined by the initial conditions. In order to elucidate the dynamics of cellular instabilities, circular non-
premixed jet flames are modeled with a combination of three-dimensional numerical simulation and linear stability
analysis (LSA). In both formulations, chemistry is described by a single-step, finite-rate reaction, and different
reactant Lewis numbers and molecular weights are specified. The three-dimensional numerical simulations show
that different cellular flames can be obtained close to extinction and that different states co-exist for the same
parameter values. Similar to the experiments, the behavior of the cell structures is sensitive to (numerical) noise.
During the transient blow-off process, the flame undergoes transitions to structures with different numbers of
cells, while the flame edge close to the nozzle oscillates in the streamwise direction. For conditions similar to the
experiments discussed, the LSA results reveal various cellular instabilities, typically with azimuthal wavenumber
m = 1 — 6. Consistent with previous theoretical work, the propensity for the cellular instabilities is shown to
increase with decreasing reactant Lewis number and Bafeknumber.
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1. Introduction

Experimental evidence dating back many decades
[1] has shown that cellular instabilities exist for
gaseous diffusion flames. The experiments of Chen
et al. [2] clearly demonstrated the importance of rel-
atively low Lewis and Daméhler numbers on the
occurrence of cellularity in Wolthard-Parker burner
flames. More recent experimental work on cell forma-
tion in non-premixed axisymmetric jet flames, identi-
fied the variety of spatio-temporal patterns forming
near the extinction limit [3]. In addition to the impor-
tance of low reactant Lewis numbers, these experi-
ments demonstrated the importance of the initial mix-
ture strength [3, 4], with the propensity for cellular-
ity increasing with decreasing initial mixture strength.
The initial mixture strength is defined here as the ra-
tio of the fuel mass fraction supplied in the fuel stream
to the oxidizer mass fraction supplied in the oxidizer
stream normalized by the stoichiometric ratio.

For premixed flames, many studies can be found
in the literature that deal with cell formation in cir-
cular burners. These patterns include uniformly ro-
tating ring(s) of cells [5], and ratcheting or chaotic
motions [6]. Theoretical studies [7] have well estab-
lished that the formation of cellular structures in pre-
mixed flames arises from thermo-diffusive instabili-
ties that occur when a weighted Lewis number is suf-
ficiently low [7]. Since three-dimensional numerical
simulations have been too expensive in the past, sim-

recent experimental investigations into cell formation
in circular jet flames near extinction. We then present
the results obtained with three-dimensional numerical
simulations of the experimental system. Finally, we
briefly discuss the results from a linear stability anal-
ysis, elucidating the influence of the reactant Lewis
numbers and the Darkler number on the different
azimuthal modes near extinction.

2. Experimental observations

A recent publication [3] reported a systematic ex-
perimental investigation of cell formation i@O»-
diluted H2-O2 circular jet non-premixed flames.
Since numerical simulations of these experiments are
the focus here, a brief description of some results
from this publication will be given. Th&PFL jet
flame facility [3, 13] consists of a free jet appara-
tus, oriented vertically up and mounted on a preci-
sion traverse, together with PC-based data acquisi-
tion and control systems. An intensified CCD camera
with 14-bit resolution was used to record images of
the streamwise integrated chemiluminescence emis-
sion from above the flame tip. The flow rates of the
hydrogen, oxygen, and (diluent) carbon dioxide gases
to the jet apparatus were set with fully automated flow
controllers. The gaseous fuel passed through a muf-
fler, a settling chamber with honeycomb straighteners
and screens, and finally through a contoured axisym-
metric contraction with an area ratio of 100:1. The

ple phenomenological models have been developed to diameter of the circular fuel nozzle wd3 = 0.75

replicate the cellular patterns [8].

Recent theoretical work has shown that the for-
mation of cellular structures in diffusion flames can
also be attributed to thermo-diffusive instabilities [9—
11]. The stability analysis performed by Cheatham
and Matalon [10], for example, demonstrated that
the propensity for the formation of cellularity in-

creases with increasing heat loss and decreasing re-

actant Lewis numbers, Darakler number, and ini-
tial mixture strength. Numerical simulations of coun-
terflow diffusion flames have also demonstrated that
transitions from cellular states with narrow “stripes”
to wider “stripes” occur as the Dardhkler number is
reduced [12].

Cell formation in non-premixed circular jet flames
involves a large number of physical effects and pa-
rameters; consequently, both experimental and nu-
merical information will be required to elucidate the
underlying physics. Such information is still incom-
plete. For example, the dynamics and types of cellu-

cm. A uniform co-flow of a02-CO4 mixture was in-
troduced through a porous plate o6 cm diameter
surrounding the fuel nozzle. The uniform fuel veloc-
ity wasUr = 76 cm/s, and the co-flowing oxidizer
stream velocityl/o, was fixed att cm/s.

The parameter space near the extinction limit was
investigated by fixing the fuel compositioH§-CO2
mixture) and then systematically lowering tli&,
concentration in the co-flowin@2-CO- stream. The
O2 concentration was lowered in decrements of less
than0.1% (by volume) until a transition to cellular
flames was first observed, and then further until the
extinction limit was reached. The conditions for these
near-extinction experiments covered a range of reac-
tant Lewis numbers, based on theerall fuel-oxygen
mixtureat 300 K of[1.1-1.2] for oxygen and0.25-
0.29] for hydrogen, and initial mixture strength,,
from 0.08 — 1.34.

Figure 1 shows the various types of cellular modes
observed at a fixed jet fuel compositio22(5% vol.

lar patterns as well as the parameter space in which H,, except for the last image (f) observed fr.5%

these different cell patterns develop in non-premixed
flames have not been fully investigated. The cur-
rent study investigates cellular instabilities occurring
in non-premixed circular jet flames near the extinc-
tion limit. In order to elucidate the physics behind re-
cent experimental findings [3, 4], three-dimensional
numerical simulations have been undertaken in com-
bination with linear stability analysis.

In this paper, we start with a brief review of the

H>) and various oxygen concentrations above the ex-
tinction limit of 23.2% O». These images were taken
from above the flame, and the false-color scale is re-
lated to the intensity of the chemiluminescence, in-
tegrated in the streamwise direction over the entire
length of the flame. In the terminology of [5], the
cellular states in these images are classified by the
number of cells, followed by the letters “R” or “S”
for rotating and stationary states, respectively. When



visualized in the dark laboratory with the naked eye,
all these flames revealed distinctively cellular flame
structures that varied little in the streamwise direction.

The flame height for these flames was less than three CO,-diluted Hs (XI{’Iuel

jet diameters.

The experiments showed that cellular flames occur
near the extinction limit, and the parameter space for
cellularity was found to increase with decreasing ini-
tial mixture strength. For fixed initial fuel and oxygen
concentrations in their respective reactant streams,
several cellular states were found to co-exist, and the
particular state realized was determined by the initial

The computational domain was a cylinder with di-
ameter equal to five times the jet diamet&0.75
cm, and height equal t60D. The fuel stream was
= 0.215) that enters the
domain with a top-hat velocity profile difr = 76
cm/s atT=300K. The oxidizer was &2-CO2 mix-
ture (X37 = 0.50), with a uniform velocity profile
of Uo = 4 em/s, andT=300K. To avoid numeri-
cal discontinuities, the exit velocity profiles were ap-
proximated by a steep hyperbolic tangent profile (see
description in the linear analysis section). For the
species, flux (mixed) boundary conditions (BC) were

conditions and the path adopted in parameter space used on the nozzle plane, and zero-Neumann BC on

to reach the experimental condition. Mode switching
could also be induced by suitable perturbations such
as noise, transient perturbations of the jet flow field,
or introduction of bluff bodies at the jet exit. With all
other conditions fixed, the transitions between cellular
flames with different number of cells were also stud-
ied for a22.5% H»-77.5% CO2 fuel mixture. The
composition of the oxidizer stream was carefully var-
ied between 35% and the extinction value of 23.2%
O2. Within this range, hysteretic transitions between
flames with one to five cells were observed, and the
range of oxidizer compositions over which the differ-
ent flame structures were stable was identified. The
number of cells in the preferred states observed was
found to decrease with decreasing oxygen concentra-
tion (Damlkdhler number).

3. Numerical simulations
3.1. Problem formulation

The conservation equations of mass, momentum,
species and energy in the low Mach number limit
were integrated with a parallel, spectral-element
based code. The spectral element method is a high-
order weighted residual technique that couples the ef-
ficiency of global spectral methods with the geomet-
ric flexibility of finite elements methods. Locally, the
mesh is structured, with the data and geometry ex-
pressed as sums d¥t"-order tensor product poly-
nomials [14]. Globally, the mesh is an unstructured
array of deformed hexahedral elements. Temporal
discretization is based on a second-order, operator-
splitting formulation for low speed compressible re-
acting flows that permits large time steps.

The code uses scalable domain-decomposition-
based iterative solvers with efficient preconditioners.
The parallel implementation is based on the stan-
dard message-passing Single Program Multiple Data
(SPMD) mode, where contiguous groups of elements
are distributed to processors and the computation pro-
ceeds in a loosely synchronous manner; communica-
tion is based on the MPI standard. More information
about the numerical algorithms can be found in [14—
17]. The code exhibits very good parallel efficiency
and scalability properties, sustaining high MFLOPS,
on a number of distributed-memory platforms.

the rest of the domain boundaries. On the outer cylin-
der boundary, the slip wall BC with axial velocity
equal toUp was used for the momentum, and fixed-
temperature BC for the energy. On the outflow bound-
ary, zero normal stress BC were used for the momen-
tum equation, and zero-Neumann BC for the rest of
the variables. Although the temperature variation of
the transport properties was taken into account, the
non-dimensional parameters Reynoldg&;, Prandtl,
Pr, and Lewis,Le;, were kept fixed alRe = 517,

Pr =0.52, Len, = 0.26, Leo, = 1.15, Len,0 =
1.12, and Leco, = 1.7. These values were calcu-
lated with the Chemkin [18] routines, using as ref-
erence quantities the properties of the overall fuel-
oxidizer mixture. Other reference variables used in
the non-dimensionalization wefB..¢ Tr = 300

K, Uret = Ur, andt,es = D/Ur = 9.9 ms. The
chemistry was described by a single-step reaction,
2H> + O2 — H>O, with reaction rate expression
r=AT" exp(—T./T) [H2]? [O2]. The reaction
rate parameters were taken from [19]xas= 0.91,
T,=27.7 , and the dimensionless heat of reaction was
equal toAH,=44.12. The initial non-dimensional
pre-exponential factor wag = 1.33 - 10°. Theoret-
ical and stability analysis of diffusion flames usually
employ a Damkhler number that includes the expo-
nential term at the ‘adiabatic flame temperature’ and
the initial fuel and oxidizer mass fractions (e.g. [10]).
A similar approach was adopted in the experiment,
where the Damiéhler number was changed by modi-
fying the initial composition of the oxidizer stream.

In the simulations, the pre-exponential factor was
directly lowered to bring the system close to the ex-
tinction limit. Two grids were employed with 1166
and 2376 elements and interpolating polynomial or-
ders of6 < N < 8 and N = 4 in each of the three
spatial directions, respectively. The largest simula-
tion had a total of about 600,000 points, correspond-
ing to more than 5 million unknowns. All computa-
tions were performed on a 64-CPU Linux cluster.

3.2. Numerical results

For the conditions described above, the initial
value A = 1.33 - 10° resulted in a stable flame with-
out cells that was anchored at the nozzle. The factor
A was then lowered until flame extinction was ob-
served forA = 1.7 - 108. Extinction in this case



corresponded to blow-off as the flame was lifted from
the jet exit. In all cases consideredq - 108 < A <
1.33-10°), the fuel was fully consumed in the numer-
ical domain, and the flame was lifted from the jet exit.
Cells at the edge of the flame close to the jet exit ap-
peared atl = 5 - 10® and persisted all the way down
to extinction. The lifted edge of the flame was no
longer at the same height at different locations along
the azimuthal direction but attained a wavy structure.
The high-temperature regions with the cell-like struc-
ture did not persist all the way to the outflow. Over-
all, cellular flames with 6-, 4-, 3- and 2-cell structures
were observed (Fig. 2). The 6-cell structure was ob-
tained forA = 3 - 108, whereas 4-cell and fewer cell
structures were obtained fot < 2.5 - 10%. It was
found that, similar to the experiments, the transition to
the different cellular flames is sensitive to (numerical)
noise. In some cases, this noise was enough to pro
duce an unsteady solution (periodic with very small
amplitude and low frequency) and in other cases to
cause a transition from one state to another. The 2-
cell structures were observed only during the transient
extinction process of the flame dt= 1.7 - 103, de-
scribed below. We note that the symmetry of the ob-
tained structures is not related to the symmetry of the
computational grid (which was four fold for the 1166-
element grid and eight fold for the 2376-element grid,
i.e. the grids were divided into four or eight sections
in the azimuthal direction).

3.3. Flame structure

The structure of the 4-cell flame was analyzed by
extracting the temperature, species, reaction rate and
mixture fraction profiles along one-dimensional cuts
at different flame heights. The mixture fraction was
defined ag = sYi, — Yo, +Y5§/(5YH{;‘BZ +Y55),
wheres = vu, Wh, / (vo, Wo,) = 8is the mass sto-
ichiometric ratio, and¥; represent species molecular
weights. The stoichiometric mixture fraction for these
conditions was thegs, = 1/(1 + sY{*' /YSE) =
0.809. Despite the unequal Lewis numbers, the dif-
fusion flame was, to a good approximation, located
close to the stoichiometric mixture fraction surface
[10]. At A = 1.8 - 108, the diffusion flame was lifted
from the nozzle exit. The isocontours of the reaction
rate (Fig. 2(g)) show a triple flame structure, with a
weak diffusion flame tail located around the stoichio-
metric mixture fraction isoline plotted with the dot-
dashed line. The heights where the flame structure
was extracted are indicated by the solid lines marked
“1", “2", and “3" at z=1.0, z=3.0, and z=3.5, re-
spectively, and the corresponding flame structures are
plotted in Fig. 4(a-c).

For the profiles at z=1.0, significant leakage of
fuel and oxidizer through the reaction zone can be
observed, and the flame has an essentially premixed
character (the fuel-rich branch of the triple flame). At
z=3.0 and z=3.5, the significantly lower reaction rate
profile acquired a second peak associated with the dif-

fusion flame tail, while the first peak was from the
fuel-lean premixed flame branch of the triple flame.
Similar to the experiment, co-existence of two dif-
ferent cellular structures was observed at the same
parameter values. Figures 2(a) and 2(b) show the
stationary 3- and 4-cell flame computed fdr =
1.8 - 108. The 4-cell flame was obtained first with
the 1166-element simulation for polynomial order
N = 8. The result was then interpolated onto a 2376-
element grid withN = 4 (corresponding, overall,
to a lower resolution because of the lower order of
the interpolating polynomials). The integration of the
conservation equations with the interpolated fields as
initial condition, resulted, after the initial transient,
in a flame with three cells. In other words, the nu-
merical noise introduced by the interpolation and the
lower resolution was enough to perturb the system to
the stationary 3-cell state. The resulting fields were
then interpolated back to the high-resolution grid; the
3-cell state remained stable, obviously showing that it
is also a stable flame structure far= 1.8 - 103. The
co-existence of two stable steady states at the same
parameter values shows that the hysteretic transition
between different cellular structures observed experi-
mentally is also reproduced by the simulations.

3.4. Flame extinction

Starting with the 4-cell state foA = 1.8 - 10®
as initial condition, the pre-exponential factor was re-
duced toA = 1.7 - 10%. The flame went through
a sequence of transitions with different number of
cells (the 4-, 3-, and 2-cell flames observed are shown
in Fig. 3), while the edge of the flame close to the
nozzle oscillated with a growing amplitude. Even-
tually, the flame blew off. The four-cell flames per-
sisted for a long time from the start of the calculation
(about 200 non-dimensional units). During this pe-
riod, two of the four cells located opposite from each
other had higher temperature, reaction rate and size
than the other two. The pair of cells burning stronger
changed from upper-left/lower-right (Fig. 3(a)) to
upper-right/lower-left (Fig. 3(b)). The maximum tem-
perature and the flame height (determined from the
location where the temperature was twice that of the
inlet streams) during the extinction process are plot-
ted in Fig. 5; both variables oscillated as the flame
blew off.

3.5. Stability analysis

To elucidate the stability characteristics for ax-
isymmetric flames, a viscous linear stability analysis
was employed using a finite rate, one-step reaction
model. A brief description will be given below. De-
tails about the axisymmetric jet flame analysis can be
found in [20, 21]. A similar methodology was also
followed in a recent publication considering the in-
stabilities ofplanar diffusion flames [11].

The undisturbed basic stateonsidered is a react-
ing axisymmetric jet surrounded by a co-flowing ox-



idizer stream —a diffusion flame formed between two
parallel streams of hydrogen-water and oxygen. Un-

stream was chosen to be pure oxygen. Also, the ap-
propriate heat release parameter was chosen to obtain

less otherwise indicated, the parameters chosen to a maximum (hormalized with the fuel centerline tem-

model this flame are specified in th&roblem for-
mulation section. The mean profiles were taken to
be frozen in the streamwise direction (parallel flow
assumption). The mean velocity profile was repre-
sented with a hyperbolic tangent profile [22)} =
0.5{1 + tanh[0.25(R/0)(R/r — r/R]}, whereR is
the jet radius and the momentum thickness. The

perature) temperatufE,.x = 6.0 at the flame-sheet
limit for unity Lewis numbers (cf. Ref. [11]).
Temporal stability calculations were performed for
this representativeH»-O» flame over a range in
Damldhler numberDa, close to its extinction limit,
Dag. The fuel and oxidizer Lewis numbers were
fixed atLen, = 0.3 andLeo, = 1.0, respectively.

mean temperature and mean mass fractions were de-Figure 6 shows the maximum temporal growth rate

termined using a methodology discussed in [11, 21].
The linearized continuity, momentum, energy,

species, and state equations, including reaction and ing features.

diffusion terms, were obtained with the following as-

sumptions: body forces (e.g. gravity) and bulk vis-

cosity were neglected; the flow was assumed to be
low subsonic; the multi-component gas mixture prop-
erties (thermal conductivity, specific heat at constant
pressure, and viscosity) were assumed equal for all
species (unity Prandtl numbers); the mass diffusion
coefficients (defined by Fick's law) were assumed
equal to the binary mass diffusivity of all species

pairs. Finally, the terms in the energy equation due
to viscous stresses, radiative heat transfer, interdiffu-
sion, and the Dufour effect were neglected. As in the
formulation for the numerical simulations, the non-

dimensionalization of the governing equations was

based on the reference quantities of the fuel stream.

The viscosityu, thermal conductivity\, and density-
weighted mass diffusivitfpD) were all assumed to
follow Chapman’s law g = A = pD; = T in non-
dimensional form). Different Lewis numbefs:; =
Xo/cp,0(pD;) were specified for the reactants, with
the subscripb denoting properties of the fuel stream
atr = 0.

Once the basic state was computed, tempo-
ral stability computations were performed. The
perturbations were in the form of normal modes
q (r,x, ¢,t) = §(r)exp i(ax + m¢ — wt), where
w is the complex frequencyy the azimuthal wave
number, andv the complex wave number. The result-
ing eigenvalue problem was solved with a shooting
method, starting the numerical integration from both
sides of the mixing layer with asymptotic solutions
valid for vanishing radial gradients of the base flow.

Although not all parameters of the three-
dimensional simulations were matched, most of the

wi max as a function ofDa for the azimuthal modes
m = 1 — 6. The figure reveals several interest-
First, the different azimuthal modes
become unstable over different and overlapping in-
tervals of the Daméhler number just prior to the
extinction limit at Dap = 1.098 x 1073, Sec-
ond, the respective maximum growth rates of each
azimuthal moden = 1 — 6 are relatively close,
and progressively increase with decreasiig The

Da value where a particular azimuthal mode first be-
comes unstable is designatedias. (m), and corre-
sponds tda.. (m) = 2.49, 2.45, 2.42, 2.10, 1.90,
and1.80 x 10~ forthem = 1, 2, 3, 4, 5, and6
modes, respectively. A plot @b; max as a function

of Da — Da.(m) is shown in the upper right-hand
corner of Fig. 6, where the differefda. (m) values

for the azimuthal modes are specified above. Fig-
ure 6 illustrates that the dominant mode changes with
Damkbhler number, and thee = 1 mode is dominant
just prior to the extinction condition.

4. Conclusions

With single-step chemistry and constant but un-
equal reactant Lewis numbers, the three-dimensional
simulation of aCO--diluted H;, jet diffusion flame
showed cell flame structures similar to the ones ob-
served experimentally. Flames with different num-
bers of cells were obtained close to extinction. The
transient extinction process itself showed transitions
to cellular states containing different number of cells.
These transient flame structures oscillated in various
ways, and the entire flame eventually blew off. Sim-
ilar to the experiments, the cellular states were found
to be sensitive to noise, which was enough to lead
from a 4- to a 3-cell flame structure for the same pa-
rameter values. This coexistence of different cellular

parameters used in the stability analysis correspond flames was also observed experimentally. The cellu-

closely to the simulations. Similar to the numeri-
cal simulations,R/6 = 20 was chosen which has
been shown to correspond to experimental condi-
tions [20]. The far-field temperatures of both re-
actant streams were taken to be equal. The initial
mixture strengthp,,, and the Reynolds number were
fixed at0.5 and500, respectively. Finally, the finite-

lar flames were found to be associated with a large
leakage of reactants through the reaction zone, and
exhibit a triple flame structure at the flame base near
the jet exit.

Given the simplifications of a linear stability analy-
sis, comparisons between experiments, as well as di-
rect numerical simulations, can only be qualitative;

rate hydrogen-oxygen reaction was characterized by a however, linear stability theory has provided many in-

non-dimensional activation ener@y = 30, normal-
ized by the fuel free stream temperature. The molec-
ular weights for hydrogen and product were taken to
be 2 and 18, respectively, and the quiescent oxidizer

sights into the physics behind cell formation. Previ-
ous research [9, 10] on thermo-diffusive instabilities
in non-premixed flames has shown that both reactant
Lewis numbersLer andLeo, are important parame-



ters. At Damlohler numbers near the extinction limit,
cellular instabilities for axisymmetric jet flames have
been shown to be dominant at relatively low Lewis
numbers, while axisymmetric pulsations can domi-
nate at relatively high Lewis numbers [21]. For a
representativél,-O-, jet diffusion flame, the linear
stability results reported here show that multiple az-
imuthal modes, which become destabilized near the
extinction limit, have comparable growth rates for a
given Damlohler number. The overlapping intervals
in Damlkbhler number where these unstable modes
appear is consistent with the co-existence of multi-
ple states observed both in the experiments and the
numerical simulations near the extinction limit. For
the conditions of this study, the linear stability calcu-
lations [21] also indicate that the various azimuthal
modes, which are thermo-diffusive instabilities, are
absolute instabilities; however, further work will be
required to elucidate their relevance to actual flame
dynamics. Currently, numerical work is underway
to identify the range of parameter values over which
the different flame structures are stable, and study the
transition between these different structures.
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Fig. 1: Streamwise integrated chemiluminescence images taken from the downstream jet 22i$%f B> (78.5% CO2) jet
flame burning in (a24.6% O2 (75.4% CO2) co-flow; (b)26.0% O2 co-flow; (¢)27.5% O2 co-flow; (d)31.0% O2 co-flow,
(e) 40.0% Oq co-flow, and (f)21.5% Ha (79.5% CO2) jet flame burning iff0.0% O2 co-flow. "R” designates rotating and
"S” stationary cell patterns. Fuel centerline and oxidizer velocitied/are= 76 andUp = 4 cm/s, respectively. [Figs. (a)-(e)
taken with permission from Ref. [3]]
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Fig. 2: Isocontours of temperature of (a) the 3-4< 1.8 - 108, atz = D), (b) the 4- A = 1.8 - 108, atz = 0.8D), and (c) the
6-cell flame @ = 2.5 - 108, atz = 0.5D); (d)-(f) corresponding fuel mass fraction; (g) heat release rate for the 4-cell flame.
Scales are from blue (low) to red (high):< 7' < 5,104 < Yz < 1.2 - 102, and0 < reaction rate< 0.12.

Fig. 3: Temperature isocontours showing the different cell structures observed during flame blow4#fdr7 - 108 (from
left to right: t=100, 165, 340, 445, 480 non-dimensional time units, at heights 0.9, 0.95, 1.3, 1.5, and 2.0 nozzle diameters,
respectively). Scales are from blue (low) to red (highx 7" < 5.
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Fig. 4: Flame structure of the 4-cell flame at (a) z=1.0, (b) z=5.0, and (c) z#3:5 (.8 - 108).




